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ABSTRACT 

A map showing effective electrical earth conductivity values for 

a propagating wave at VLF (10 kHz to 30 kHz) has been prepared for the 

major land areas of the world.    Land area conductivity determinations 

were in most cases based upon known geological and climatological 

information.   Actual conductivity data was collected where possible 

to aid in determining regional effective conductivity values, but the 

correlation between geology (and other known factors), and conductivity 

was used in estimating conductivity for the majority of the land areas. 

The conductivity data are overprinted on seven 17 X 22 inch base 

maps which are separate from this report.    Effective conductivity values 

are designated by numbers from 1 to 10 referenced to a legend on each 

sheet.    Page-size maps showing a confidence factor and a variability 

factor are included in this report (Addendum). 

A measurement program to establish the reliability of the map and 

to supplement estimates where the geology-conductivity correlation is not 

well known is recommended.   A research program is also suggested to 

upgrade and improve the maps. 
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1.0   INTRODUCTION 

A map showing effective electrical conductivity of the earth at very 

low frequencies (10 kHz to 30 kHz) has been prepared to aid in radio 

propagation and navigational studies.   Explanatory material relating 

to the description and use of the map is included in this report as an 

Addendum.   It is the major objective of this report to present information 

relating to the geology-conductivity correlation on which the map was 

based and the data collection effort.   Specific.recommendations are also 

presented for field measurements and a research program to up-grade 

and improve this first map.   A note on the calculations of effective 

conductivity for a two-layer conducting earth, a bibliography of perma- 

frost and its electrical properties, and a list of contributors to the map 

are included as appendices. 

-1- 



2.0   DATA COLLECTION EFFORT 

Data was collected through a library search, personal contacts, 

personal letters,  and by inquiries sent through the U. S. embassies 

throughout the world.   Most of the inquiries during the initial stage of 

the program were through personal letters sent directly to private 

organizations within the foreign countries of interest.    Later,  assistance 

by the U. S.  Department of State (arranged by NRL) allowed U. S. 

embassies to aid in contacting appropriate foreign government departments. 

This proved to be a more efficient means of collecting available information. 

Table I shows the number of letters sent to embassies,  government 

agencies, universities and institutions,  private companies and persons, 

and the number of responses to these letters by country.    Correspondence 

consisting of several letters with one institution or organization is 

counted as only one response.   Additional letters which were later sent 

to addresses provided by the responses shown in this table are not 

included as part of this tabulation.    About 40% of the inquiries sent in the 

first mailing received a response.    Follow-up work netted additional 

fruitful information.   Appendix C is a list of the contributors who sent 

useful information.    In addition, a considerable amount of information 

was obtained through the library search.    Because of the importance of 

permafrost in radio propagation studies,  a bibliography was collected on 

the subject of permafrost and its electrical properties,  and is included as 

Appendix B to this report. :: 

i 
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Table I (continued) 

5 T3 
n 
V 

« 
4* n   c »   Ö »    ? d  ä 

u  m h    0) u  TO 
(0 h      5 § «J 

L
et

te
 

a
ss

ie
 

L
et

te
 

er
n

m
 

0) 
0) 

• H 
o L

et
te

 
si

ti
es

 

(0 

L
et

te
 

L
va

te
 

n
ie

s 
a 

(0 
Ö 
0 
(0 

«  m 

-'   ■ 'S o 
.0 • 

d 
0) 

< .  
of

 
iv

er
i 

• o S ft 
0   V 
.>3 

0   - '■i o   0 ^1 o a o is o 0   0 
Country- ZS . .; A - Z P Z     ü Z ° 

Southern Rhodesia 1 1 1 
Ruanda-Urundi (Rwanda! 1 10 2 5 
Republic of South Africa 1 5 8 11 
Senegal 1 ,.. 2 1 4 
Sierra Leone 1 ■ i 1 ' 3 
Somalia 1 3 1 2 
French Somaliland 

'A 
1 1 1 

South-West Africa 1 
Sudan 1 

■J 
1 1 1 

Swaziland 1 , 1 
Tanganyaka 2 
Togo 1 . '■' ..    * 1 
Tunisia                            .& 1 -   ' 2 1 1 
Uganda 1 1 1 2 
United Arab Republic ^ 7 2 2 
Upper Volta 1 1 
Zambia 1 

Afghanistan                       's 1 
Argentine 1 1 
Austria                               t i  * 1. 
Belgium f  1 
Bolivia 1 
Brazil 1 
Bulgaria 1 i 

Burma 1 L, ■' 

Burundi 1 ' ;■ 1 

0 
n 
} i . - 

•• 

o 

:1 

t. 

■ 

l! 

y 



I 
I 
I 
I 

IB 

' 

ii 

: 

Table I (continued) 

Country 

Ceylon 
Chile 
China 
Columbia 
Costa Rica 
Cuba 
Cyprus 
Czechoslovakia 
Denmark 
Dominican Republic 
Ecuador 
El Salvador 
Estonia 
Finland 
Formosa 
France 
Germany 
Great Britain and 

Northern Ireland 
Greece 
Guatemala 
Haiti 
Honduras 
Hufegary 
Iceland 
India 
Indonesia 
Iran 

n 

M   as 
* 'S •I 
Is 

en ■M 

0 
ß 

00 -u 

a 

ft   CD 4-) | ■4J 4) 

01 

o 
ß 

•4-> TO ■<-> •H 4>> ■4-> w n 
ß 
o R

es
 

tt
er

 

0) ß V 0) •H 
tn 

ß 

0) (0 (Ü 
-? h 

V 
•H 
o J 5 J > 

.1-1 ß 
VH 1 C *t! 

(0 

»« »H (0 01 *H   o 
0 

bo 
< 

0 o ft O, 
ft 

o K! 
• 

o 
Ü 
0 

• 
0 Ä • 

o 0 
4-> 

g 6 2 
^ Ä P z U z 

"4 
i i 

■ 

1 

2 

3 

1 
1 

1 

1 

3 
1 
1 
1 

1 
1 
1 
1 

i 
i 

-5- 

• 



1 

Table I (continued) 

• i 
'  .■' 

« 

'I 
Country 

) 

f 
1 N

o.
  

of
 L

et
te

r 
to

 E
m

b
as

si
es

 

Iraq 1 
Ireland (Eire) 1 
Israel 1 
Italy 1 
Jamaica 1 
Japan 1 
Jordan 1 
Korea 1 
Kuwait 1 
Laos • 1 
Latvia , 

Lebanon 1 
Liechtenstein 
Lithuania 
Luxenbourg 1 
Malawi 1 
Malaysia 1 
Malta 1 
Mexico 1 
Monaco 
The Sultanate of 

Muscat and Oman 
Nepal 1 
Netherlands 1 
New Zealand 1 
Nicaragua 
Norway 1 
Pakistan 1 

8 ö ä ß m 
0) ß flj 

o 5 « 

C 
0) A 
U 
0)   to ß 

M 'n 5 
O   « M 

O   ß M 

ZU 

fl (0 

O (^ PH   0) 
. o gft 

O "M O 

n   2 
0}      ß 
*    O 

CO 

S S 
iw 

to    a) 

0 
o 

1 
4 
1 
1 

1 
1 
1 

3 
1 
1 
1 
1 

1 

1 

1 
1 

,4 

;' 
»V 

: 

:: 

:: 

:: 

■M 

.; 

i 



I 
I 
I 
I 
; 

i 

ii 
Is 

Table I (continued) 
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3.0   CONDUCTIVITY - GEOLOGY CORRELATION 

;; 

The factors which affect the electrical conductivity of earth materials 

are briefly described in an earlier report by Morgan and Maxwell [1965, 

p.  14,  15] .    These factors form a basis for the correlation between geology, 

climate and electrical conductivity.    There are many experimental studies of 

this relationship appearing in the literature, a number of which are mentioned 

in the above report.    The general ranges of earth conductivity as indicated 

by Dakhnov [1959] and also by Watt,  Mathews,  and Maxwell [1963] were in 

general supported by the collected data on a worldwide basis. 

Because of the relationships between conductivity and phase velocity 

and between conductivity and attenuation rate at VLF,  it is much more ^ 
-3 

important to accurately determine conductivities which are below 10 

mho/meter than to accurately determine conductivities which are 10 

mho/meter and greater.   A chart showing the effective conductivity at 

60 Hz for Precambrian age rocks is presented in Figure l.Card [1940] . 

Although this information is not directly applicable to VLF problems, it 

proved to be very helpful when information was available regarding the. 

overburden material in areas of Precambrian age rocks.   Estimates of 

effective conductivity at VLF can be made using the same techniques ^ 

described in Appendix A to relate this information to very low frequencies. 

Other important studies which can be related to VLF problems include 

the work of Smith-Rose [1934] ,  Boyce [1952] , McCollum and Logan [1913] , 

Tagg [1964] , Eliassen [1957] , and Clark [1966] .    These referenced 

works are readily available and will not be discussed further.    The remainder 

of this section will be devoted to the presentation of geology conductivity 

correlation tables (Tables II - IX) which were sent by various contributors 

11 
_ 
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Figure 1      Effective Conducfivity at 60 c/s for Pre-Cambrian Age Rocks 
(from Card, 1940). 

-9- 



throughout the world and which may not be readily available in libraries. 

It is important to note that this information must be interpreted in light 

of the regional factors affecting conductivity and also in light of the restricted 

areas of validity for some of the tables.    The information is presented as 

much as possible in the same form in which it was received.   In most 

instances, there was little additional explanatory material available for 

these data. 

-10- 
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Age 

Alluvium 

Pleistocene 
Pliocene 

Miocene 

Upper Cretaceous 

Troodos Pillow 
Lavas 

.; 

Plutonic Rock 

»if 

TABLE  II 

Cyprus 

Rock Type 

Gravels 

Sand Dunes (above water table) 

Silty Sands 

Top Soil 

Gravels ' / 

Sands 

Sandstone 

Sandy Marls 

Clays, Marls 

Limestone 

Reef Limestone (below water table) 

Gypsum 

Marls 

Chalks (above water table) 

Chalks (under water table) 

Clays, Marls 

Shales , 

Upper Pillow Lavas 

Lower Pillow Lava 

Argillic Altered Lavas    / 

Basal Group 

Resistivity in 
Ohm-meters 

lOU - 1000 

- 1500 

30 - 100 

10 - 30 

20-150 

20 - 150 

20 - 150 

12 - 20 

2.5 - 12 

200 - 1000 

30 - 100 

50 - 200 

2.5 - 8 

60 - 150 

10 - 50 

1.5 - 5 

5 - 15 

10 - 50 

10 - 40 

5 - 10 

60-150 

Not available 

• 11 



TABLE   III 

England 

Resistivity in 
Formation Ohm-meters 

Alluvium 2-4 

Clay 6 - 10 

Coal 20 - 50 

Chalk 40 _ 50 

LS 50-60 

SS 60 - 100 

•12. 

v f 

: 

Igneous Rocks 500 - 1000 

;; 

; 

i 

i 
i 
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TABLE   IV 

Iceland 

Resistivity in 
Type of Formation Ohm-meters 

Silty Clay with Vegetation 100 -   250 

Residual Silty Sand, with 500 ±150 
Vegetation 

Sandy Soil, without Vegetation 350 ±100 

Sandy,  Gravely Soil, without 900 ±  150 
Vegetation 

Gravel, Moist 100 - 400 

Stream Gravel 400 - 1000 

Pebbles and Sand 1000 - 2500 

Moraine 2000 - 7000 

Dry Gravel 5000 - 30000 

Tertiary Basaltic Rocks, 40 - 250 
Moist - North and West 
Iceland 

Tertiary Intermediate Rocks, 250 - 500 
Moist - North and West 
Iceland 

Quaternary Basaltic Rocks 60 
Moist - South Iceland 

Interglacial Basaltic Lavas, 300 - 1200 
Southwest Iceland 

Quaternary Palagonitic Rocks, 100 - 200 
Southwest Iceland 

1   ; r 

■13. 
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Table PV (continued) 

Postglacial Basaltic Lava, 500 - 3000 
Below Groundwater Level - 
South Iceland 

Postglacial Basaltic Lava, 3000 - 30000 
Above Groundwater Level - 
South Iceland 

■ 

Resistivity in • 
Type of Formation Ohm-meters 

Ü. 

. :■ 

.. 

•14- 
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TABLE   V 

h Israel 

ml 
« Age* Rock Type 

Resistivity in 
Ohm-meters 

- 

Quaternary Muddy Sandstone,  Loam,  Clays 
and Mud 

2 - 40 

• * 
Calcareous Sandstone <  380 

.. 
Neogene Calcareous Shale and Clay, 5 - 35 

-. 

;• 

: 

I 
I 
I 

Calcareous Marl (in the west) 

Calcareous and Chalky Sandstone < 200 
and Sand (in the east) 

Oligocene Argillaceous Chalk,  depending 40-80 
on hardness ' " 

Eocene - Upper Chalk and Marl 

- Middle Marly Chalk with Bedded Flint 

In the Galilee:   Marbly Limestone 

- Lower Chalk,  Flinty Chalk 

• 15. 

8 - 40 

20 - 74 

70 - 200 
average: 140 

20 - 74 

2 - 

20 

56 

- 36 

iPaleocene - 
M' Danian Marl and Chalky Marl depending 
i.»!,   II upon amount of marl 

Maastrichtian Bituminous Chalk with Clay and 
Phosphorite, Glauconite 

Chalk and Bituminous Marl 30  - 80 
depending on Bituminization 

Campanian)_ Chalk and Chalky Limestone average: 64 
«    ^    ,    »   Senoman     .il   _..   . ' ^ nn Santonian) with Flint < 80 



Table V(continued) 

Age 

Turonian 

Upper 
Cenomanian 

Middle 
Cenomanian 

Northern Israel 
Central Israel 
Judea Mts. 

Lower 
Cenomanian 

Basalt,  Upper 

Basalt,  Lower   , 

Rock Type 

Limestone,  some Chalk 
Limestone 

Dolomite 

Marly Dolomite 

Marly Dolomite 
Marly (more) Dolomite 
Mainly Marl 

Dolomite 

Depending on Amount of Clays 

i. 

Resistivity in 
Ohm-meters 

■   average: 60 
H) - 240 

> 100 

average: 100 

< 1000 
average: 40 

> 100 

4-40 

50 - 160 

. i 

: 

•• 

. 

.16- .. 
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Location 

Oriental Alps 

Toscana and 
Central 
App en nines 

Central and 
Southern 
Appennines 

TABLE VI 

Italy 

Rock Type 

Calcareous or Dolomitic 
Calcareous 

Calcareous 

f 

Clayifeh 

Gargand,  Pugliese     Above the Water level 
Peninsula and Below the Water level 
Trieste 

r' 

Resistivity in 
Ohm-meters 

2000 - 10000 

3000 - 10000 

200 

3000 - 12000 
100 - 600 

: 
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im 

Age 

Soils 

Pleistocene 
Formations 

Bedrock 

TABLE VII 

Lambayeque-Jayanca Area of Peru 

Rock Type 
Resistivity in 
Ohm-meters 

Sandy Soil 80 - 200 

Sandy Soil, Cultivated 20 - 50 

Heavy Cultivated Soil 10-30 

Highly Saline Soil 1 - 2 

Sand and Gravel (below the water 
table) 

15-50 

Clay, Marl, Mudstone, Clayey 
Sand 

4-20 

-18- 

50 - 400 
and higher 
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TABLE VIII 

Near Village Tiberi, District Thar Parker, 

Hyderabad Division - West Pakistan 

Resistivity in 
Lithologic Zones Ohm-meters 

Surface Sandy Soil, with 7 - 30 
Varying Proportions of 
Sand and Clay 

Dry Sandy 30 - 40 

Sandy Zone, Probably 2 - 30 
Saturated 

Fine Sand, Silt and Clay below 20 

•19- 
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TABLE IX 

Zambia 

Resistivity in 
Formation Ohm-meters 

Basement 382-1910 

Muva 1910 - 3820 

■ 20. 

; 

Lower Roan Quartzite 1530 - 2860 

Lower Roan Shale 286 - 765   . jj 

Upper Roan 95-382 

Mwashia 191 - 478 

Kakontwe 478 - 2390 

Kundelungu 191 - 765 

Kalahari 191 - 955 

Gabbro and Amphibolite 48 - 191 : 

: 

.. 

;: 

: 

■ 
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4.0   TEMPERATURE EFFECTS 

Very few measurements of the in situ electrical properties of perma- 

frost are available.    One such study which was limited in time and scope is 

described in the report by Morgan and Maxwell [1965] .    These measurements 

provide a sampling of the in situ conductivity magnitudes and considerable 

insight into the highly variable nature (and resulting unpredictability) of the 

electrical characteristics of permafrost regions.    It was possible to use 

these in situ measurements along with laboratory studies of electrical ' 

conductivity versus temperature to estimate the electrical properties on 

a gross regional scale.    The accuracy of such estimates is determined to 

a large extent on:   1) the accuracy of the information relating to the thickness 

and temperature of permafrost,  and 2) the knowledge of the correlation 

between permafrost characteristics and regional electrical properties.   It 

is emphasized that to date no systematic study of the in situ electrical 

conductivity of permafrost has been accomplished. 

Figure 2 shows the variation in electrical conductivity of rocks and 

soil with temperature.    These data are referenced to laboratory measure- 

ments and must be considered in light of the in situ measurements which 
'f were made in northern Canada.    It appears that the most fruitful approach 

to the prediction of the electrical properties of a permafrost region at 

this time is to estimate the regional electrical conductivity assuming 

there were no permafrost present.   A typical or idealized temperature 

effect curve can then be applied to the specific conductivities (estimated 

without the temperature considered) and a new electrical model can 

then be determined.   Figure 3 shows such a temperature effect curve 

based on data such as that presented in Figure 2. 

21 
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Figure 2     Variation in Electrical Conductivity of Rocks 
and Soil with Temperature -22- 
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Figure 3    Typical Temperature Effect Showing the Expected Reduction 
In Electrical Conductivity with Temperature of Pre-Cambrian 
Igneous and Metamorphic Rocks. 
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An analysis of the electrical conductivity versus temperature infor- 

mation indicates that the conductivity in rocks decreases by a factor of 10 

to 100 with a temperature change from 0 0 C to a few degrees below.    After 

this initial decrease there is a more gradual decrease in conductivity with 

temperature.    There are,  as expected,  some exceptions to this in cases of 

extremely pure infilling water or very dense crystalline rock.   Details of 

conduction mechanisms in frozen earth are not well known at the present 

time but data indicates that the decrease in rock conductivity depends first 

upon the purity of the infilling water (the greater the salinity, the less the 

effect of freezing upon the conductivity) and second, upon the grain size, 

degree of saturation, and rock material. 

Limitations on this method of estimating regional VLF effectives 

conductivities are indicated by the discrepancies between the original map 

of North America and a revised map based on VLF propagation measure- 

ments (See Addendum, pp 22 and 23).    Page 21 of the Addendum discusses 

the comparison of the northern portion of these maps and indicates two 

significant changes which were required to explain the observed VLF 

propagation data (this work was done by NRL).    It is significant that both 

of these changes occur in the permafrost region of North America.    It is 

suggested that additional research effort will be required to satisfactorily 

explain these discrepancies.   At least part of the reason for the inaccuracy 

of the estimates in this area may be the lack of accurate information regarding 

the depth and temperature of permafrost as well as a lack of accurate 

geologic information.   Areas in the northern portions of the Asian continent 

appear to be more accurately defined as far as the depth and temperature of 

permafrost are concerned, and so the corresponding conductivity maps may 

be more accurate than the map of northern Canada. 
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5.0   RECOMMENDATIONS 

Recommendations for future research may be considered in three 

parts: 

1. Field measurements to check the reliability of the maps and 

to supplement estimates where the conductivity-geology 

correlation is not well known, 

2. Research program to upgrade and improve this first map, 

3. Equipment for VLF wave impedance measurements. 

These three parts are considered below. 

n 
it 5,1   Field Measurements 

Field measurement' to determine effective conductivity values are 

recommended for the area between Labrador and Hudson Bay, and also for 

the region just northwest of Hudson Bay.    These areas are easily located on 

the maps, pages 22 and 23 of the Addendum.    An experimental value determined 

from surface based instrumentation would not    only allow a more accurate 

high confidence value of <r    for this region,  but would also provide additional 
c 

information which would be applicable to the vast permafrost areas in the 

northern portions of Europe and Asia (see Section 5. 3). 

It is emphasized that additional geologic field work (reconnaissance) 

should be done along with the measurements.    This will make the extension 

of the work to other areas possible,  and would provide correlation data based 

on in situ measurements which are presently inadequate. 

Since the initiation of downward-looking wave impedance measurements 

at VLF by Westinghouse personnel in 1963,  Farstad [1963] , instrumentation. 
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The size and weight of the equipment is specifically taylored to a 

portable one-man operation:   dimensions are 9" X 10 1/4" X17 1/2", and 

the weight of the main unit is only 16 pounds.    The antennas required for a 

measurement are similarly small and light,  and consist of a small shielded 

air -core loop and a one meter long grounded dipole (the total weight is 

approximately five pounds for the antennas). 
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capable of making fast,  reliable measurements, has been considerably 

improved.    On the basis of the simple,  reliable and easily portable 

instruments which are now available,  and on the basis of field experience in 

the Canadian Arctic, the wave impedance method is strongly recommended. 

A brief description of the equipment and the measurement technique follow. 

The theory is relatively simple, and is described by Morgan and Maxwell 

[1965]  and Farstad [1963] .    It should be noted here that the measured 

(complex) wave impedance is directly related to the effective 

conductivity,  and therefore represents one of the most direct means of 

obtaining the effects of a complicated earth on a propagating wave. 

5. 2   Equipment for VLF Wave Impedance Measurements 

Equipment for measuring directly the downward-looking 

complex electromagnetic impedance of the earth, i.e., wave impedance, 

at VLF has been developed and can be ready for the measurements 

recommended above on short notice.    The actual measurement involves the 

comparison of the E and H fields tangent to the earth's surface.    This is 

accomplished within the instrument by using a familiar null technique:   the 

amplitude and phase of the signal in the H field channel is adjusted so that 

the signal in the E field channel is matched.    This allows the direct digital 

readout of the ratio of the magnitudes.    Phase information, and spearate field 

strengths are also obtained.  Preliminary laboratory evaluation of the latest 

system indicates that accuracies on the order of 2% or better may be realized. 
. 
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Measurements are rapid, and the stability, reliability and other 

features important to successful field work are excellent.    Westinghousc 

personnel are highly experienced in the acquisition of this type of field 

information since 1963, and the present instrumentation system represents, 

the state-of-the-art in the development of this type of field equipment. 

5. 3   Research Program 

It is recommended that a research program be initiated to upgrade 

and improve this first map in two ways: 

1. Improvement of the correlation between known environmental 

factors and electrical conductivity 

2. Continued collection and further analysis of data available 

through contributors on a worldwide basis. 

There are several ways the correlation may be improved with a 

minimum of effort.    The utilization of the field measurements and geologic 

analysis (as recommended in 5. 1) would require only a relatively small 

additional effort beyond a program which would collect data only for the 

purpose of determining the effective conductivity of the specific region in 

which measurements were made.    Such an additional effort would allow a 

much more accurate estimate of the conductivities in the permafrost regions 

of areas which are not readily accessible for measurements (Northern 

Europe and Asia). 

Additional improvements in the correlation for unfrozen materials 

can be obtained through a study similar to that described in the report by 

Morgan and Maxwell [1965] .    Information which has become available 
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since this earlier study includes data on rock descriptions pre-punched on 

computer cards (similar to the system described in Appendix D of the 

above referenced report).    Only a minimal amount of work would be 

required to relate measured conductivities (which are also available, 

but which are not on computer cards) to these rock descriptions. 

A research program designed specifically to obtain the desired 

correlation information would therefore involve a sorting and correlation 

done almost entirely by computer at a considerable saving in expense and 

time.    Note also the recommendations for this study in the referenced 

report [Morgan and Maxwell,  1965] , with the important distinction that 

the data mentioned can be obtained at this time which is already on punch 

cards,  and which requires little additional effort prior to the analysis phase 

of the work. 

Itis recommended   that the data collection and analysis be continued * 

to    allow      advantage to be taken of the many contacts and sources of ., 

measurement data.    The willingness of workers to send so much valuable 

information attests to the wisdom of a continuing effort.    It is obviously 

cheaper to write a letter requesting measurement information than it is to 

initiate a worldwide measurement program.    The notable exception to this 

general approach includes the permafrost regions, where so little work 

is being done. 

The analysis of the received data should include maps of greater 

detail than were used for this present project,  to allow the consideration 

of small scale survey data to a greater extent than was possible within 

the scope of this first map. 
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APPENDIX A 

CALCULATION OF EFFECTIVE CONDUCTIVITY 
FOR A TWO-LAYER CONDUCTING EARTH 

This Appendix describes how the magnitude of effective conductivity 

over a two-layer conducting earth may be quickly determined by using the 

curves presented in Figure A-l.    These curves are normalized with respect 

to the thickness and conductivity of the first layer, and are used in 

. conjunction with the skin-depth chart presented in Figure A-2.    See Morgan 

i and Maxwell [1965] , Appendix A for a more complete discussion of the 

, theory relating to this subject.    Other references include the following: 

1 Wait [1962] , Jackson, Wait and Walters [1962] , and Wait [1962a] . 

To determine the magnitude of the (complex) effective conductivity, 

«r    , the following procedure is followed: 

1. Determine the ratio cr./o-., where <T . is the specific conductivity 
c     1 1 

of the first (surface) layer,  and (r_ is the specific conductivity 

of the lower layer. 

2. Select the appropriate parametric curve in Figure A-l which 

corresponds to the above ratio.    Note that the curves are 

drawn for ratios of 0, 0.0001,  0.001, 0.0045,  etc.    Ratios 

are to be interpolated between the values shown in the usual 

manner. 

3. The electrical thickness in "skin depths" is determined next 

for the first layer.    Figure A-2 gives the skin depth, 6,  in 

meters for a given conductivity between 1 mho/meter and 
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Skin Depth as a Function of Frequency 

6 = ■(^n-^- )-H" 1/2 

1/2      ,,-1/2 

For Homogeneous Material, H „i = ' 

Frequency, in cps 

Figure A-2    Skin Depths as Function of the Frequency of 
Electromagnetic Waves for Various Conductivities 
and Permittivities,  Where k = £ /«    . 
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10      mho/meter.    The desired electrical thickness of the 

first layer is determined simply by dividing the thickness 

of the layer,  h.  , by the skin depth,  6,  to give a value of 

h./6. 
1 

4.        The effective conductivity can now be determined from Figure 

A-l by locating the intersection of the parametric curve, 

v ilv AI 
or tf16 interpolated value, with the h./6 value. 

c     1 1 
The value of tr   /v , is then read from the ordinate,  and 

el ' 
multiplied by <r . to give the appropriate or   . 

An example may be helpful in understanding the above explanation. 

Given a two-layer earth with the following data: 

<r.    =   0.1 mho/meter 
1 

<r_    =   0,004 mho/meter (4 millimhos) 

h,     =1.5 meters 
1 

f       =   104Hz. 
•t 

Following the above steps 1 through 3, we determine: v   I a      =   0.04, 

6 = 15 meters, h./6   =   0.1.   Applying step 4,  above, we find that cr   /o-. 

(from Figure A-l) is 0.07.    The effective Conductivity is therefore (0.07)(0.1) 

or .00 7 mho/meter in magnitude.   It is clear that even though the surface 

layer was 25 times more conducting than the bedrock, the magnitude of the 

resulting effective conductivity of the combination is not quite twice as 

conducting as the bedrock alone.    This is due to the small electrical thickness 

of the overburden,  at the frequency of interest.    Notice the effect of changing 

the other parameters in this example.   If the lower conductivity is 

fl 

A-4 

I 
I 
I 
I 
I 

"    ■■  «- .■,.    ,,..  ■.:■■   - ■ ;-   ■ ' 



I 
I 
I 
I 

: 

: 

increased so as to increase the ratio a./o-  , the effect of the conducting 

overburden will be even less than expected due to the flattening of the 

curves as one moves from ratios of 0.04 to 0,0 65 and 0.11. 
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APPENDIX B 

A BIBLIOGRAPHY OF PERMAFROST AND ITS ELECTRICAL PROPERTIES 

_3 
Permafrost commonly has electrical conductivities of 10    mho/meter 

and lower.   Because of the importance of distinguishing these low conductivities 

(as explained in the main text),  the occurrence and electrical properties of 

permafrost were initially studied in some detail to allow the fabrication of the 

map of North America (Morgan and Maxwell,   1965,  Appendix B).    Although 

the scope of the present work did not allow for any major extension of this 

initial correlation study,  a considerable number of references were obtained 

in a library search,  and are tabulated here. 
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APPENDIX C 

LIST OF CONTRIBUTORS 

This Appendix includes a list of persons and organizations who sent 

arid aided in the collection of helpful information relating to the Worldwide 

VLF Effective Conductivity Map.    Nearly all the information sent was of 

some use in the fabrication of the Map.   It was beyond the scope of this 

present research to analyze in detail some of the many surveys of small 

areas,  or areas which were by nature "anomalous" in the context of 

regional average conductivities.   A similar comment applies to some 

surveys of 1 MHz field strength versus distance.   In the latter cases,   ihe 

information when reduced would be similar to the broadcast frequency maps 

(see comments in the Addendum, p.  1).   Information .of the above nature 

is gratefully acknowledged, however, and if future research programs 

warrant a more detailed analysis (or an effective conductivity map on 

a smaller scale) the above contributions will be carefully studied. 

There are some contributors who sent information through the iU. S. 

embassies.    Because of this additional handling of the information, there 

may be omitted from the list some of these contributors.    If such an omission 

has occurred for this or any other reason, it is sincerely regretted.    The 

listing is by name.   Grateful acknowledgement is made to all those in this 

list, and especially to all of the U. S. embassies who contributed a major 

part in the collection of the data (the embassies are not listed). 
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ABSTRACT 

A map showing effective electrical earth conductivity values for 

a propagating wave at VLF (10 kHz to 30 kHz) has been prepared for the 

major land areas of the world.    Land area conductivity determinations 

were in most cases based upon known geological and climatological 

information.    Actual conductivity data was collected where possible to 

aid in delormining regional effective conductivity values,  but the 

correlation between geology (and other known factors),  and conductivity 

was used in estimating conductivity for the majority of the land areas. 

The conductivity data are overprinted on seven i7X2Z inch 

base maps.    Effective conductivity values are designated by numbers 

from 1 to 10 referenced to a legend on each sheet.    Separate page-size 

maps showing a confidence factor and a variability factor are included 

in the accompanying report. 
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WORLD-WIDE VLF EFFECTIVE-CONDUCTIVITY MAP 

1.0   INTRODUCTION 

A map showing effective electrical conductivity of the earth at 

very low frequencies (10 kHz to 30 kHz) has been prepared to aid in 

radio propagation and navigational studies.    Values of conductivity were 

determined for land areas whose boundaries are in most cases based 

upon climatological,  pedological,  physiographical,  and geological 

information.    Data was collected to aid in establishing regional effective- 

conductivity values.    It was necessary,  however,  to rely on the correlation 

between geology and other known environmental factors and conductivity 

for the majority of the land areas [l] . 
i 

It is noteworthy that there is considerable difference between 

effective-conductivity maps for use at broadcast frequencies (1 MHz) 

and the VLF map:   these differences are due primarily to the greater 

depth of penetration of the VLF energy.    E^arth materials to depths of 

over 50 meters must be considered for conductivities on the order of 
-2 

10      mho/meter,  and greater depths of penetration are involved for 

lower conductivities. 

Because of the relationships between conductivity and phase 

velocity,  and between conductivity and attenuation rate,   it is much mot 

important to accurately determine conductivities which are below 10 
. -2 

mho/meter than to accurately determine conductivities which are 10 

mho/meter and greater,    hence,the lack of detail on the maps for this 

latter conductivity range.    Materials which fall into the lower, more 

-1- 



' 

important range include geologically old,  crystalline rocks.    Areas 

where permafrost occurs,  and areas with ice caps (Greenland and the 

Antarctic) are similarly important.    Measurements wei .  made in perma- 

frost areas of the Canadian Shield during an earlier program which 

produced the conductivity map of North America to help define the effect 

of freezing on the in situ electrical properties of the rocks [2] . 

The author would like to acknowledge the assistance of Mr.  Gary 

Aho,during the summer of 1967, who shared a large part of the responsibility 

for the project during that time.    The author is indebted to the many 

scientists and research organizations who sent hundreds of replies to 

requests for electrical conductivity data.    Of particular help in this data 

collection effort were the United States Embassies throughout the world. 

Plans are to publish additional material which can include a list of 

contributors.    It is hoped that contributors will continue to send data as 

it becomes available,  and that future editions of the map will therefore 

be of increased usefulness to the scientific community throughout the 

world. 

-2- 

: 

: 

i 
i 
i 

. - ■ 



I 
I 
I 

: 

.: 

i 

2.0   DESCRIPTION AND USE OF MAP 

The conductivity map is overprinted on seven 17 X22 inch 

base maps supplied by Bonn Cartographic Corporation of Salt Lake 

City,   Utah.    The effective-conductivity values are designated by numbers 

1 to 10,   referenced to a legend on each sheet. 

Since little appropriate VLF data exists on a world-wide basis, 

it is not possible to evaluate directly the accuracy of the entire map. 

As an alternative,   two factors directly related lo the reported values 

are presented.      The Confidence Factor refers to the quality,  quantity 

and type of information which determined the regional conductivity values, 

., The Variability Factor indicates the amount by which local values of 

conductivity can be expected to vary from the regional average. 

The above two factors are seen to be independent, and are 

presented separately for each sheet of the map in Figures 1 through 7. 

These factors are distinguished as follows: 

Confidence Factor 

Highest Confidence:   Correlation based on sound geologic and 
conductivity data.    These values are not expected to change 
appreciably froin the reported values. 

Moderate Confidence:   Some data available.    Geology-conductivity 
correlation believed to be reliable.    These values will probably not 
need to be revised by more than one level (one half decade). 

Limited Confidence:   Geology-conductivity correlation not well 
known.    Some data may be available,   but it is limited in quantity 
or quality.     These values may change as data becomes available. 

;: 
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(Conductivities of 1 x 10     mho/m) are all 
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EsUniritcB Only:   KatitnatcB based on extrapolations of known 
correlations,  or on knowledge of conduction mechanisms. 
These are areas where data is most needed. 

Variability Factor 

Highly Variable;   Variations in local conductivity may be 
±one decade or more from the average regional value. 

Moderately Variable; less than ±   one decade. 

Slightly Variable; less than ± half decade. 

Important factors relating to the use of the map include effects of 

"closed lines" where it is evident that energy spreading and defraction 

can result in less attenuation than would be obtained for a "straight" path 

between receiver and transmitter.   Similarly,  transmission across a 

narrow conductivity contrast which the energy may not circumvent may 

result in more attenuation than predicted because of energy conversion, 

reflection, and scattering.    Similar effects may be experienced over high 

rugged mountains,  and effects equivalent to one order of magnitude (smaller 

conductivity) than that attributed to the electrical properties of the materials 

have been observed for paths across the length of mountain chains.    Users 

should consider the above items in light of the Fresnd spreading of the 

propagating energy,  and the conductivity profile for a propagation path 

should be determined consistent with this concept, i.e.,  it is suggested 

that users consider values of earth conductivity over an area representing 

the width of the path rather than along a very narrow "line" (great circle) 

[3]. 
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',.0    KI'M'I'XJ'l'IVK CONDUCTtVITY 

I'Jfiectivo conductivity of a region is defined as the conductivity 

of a plane, uniform, homogeneous earth which would have the same 

effect on a propagating electromagnetic field as that of the region. 

Complications arise for instances where displacement    currents in the 

earth become comparable in magnitude to conduction currents  [4]   and 

;ilso for cases where lateral changes result in an anisotropic conductivity 

in the plane of the surface.    These effects were not accounted for in this 

present work: 

I.      Tn most of the land areas of the world,  the earth approximates 
a conductor.    Limited data indicate that even for the Green- 
land Ice Cap,  the conduction currents are probably dominant 
over displacement currents at 10 klf/.    [5] . 

Z.      Only in a few areas was there sufficient data to indicate a 
difference in conductivity with compass direction.    The 
additional complication of the maps does not justify 
including this. 

Where there was enough information,  the magnitude of effective 

(complex) conductivity was computed for a horizontal layered case 

[2,   Appendix A,   also see  reference 6] . 
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4.0   ACCURACY OF MAP 

Some estimation of the accuracy of the maps for VLF propagation 

studies may be gained from a comparison of Figures 8 and 9.    Figure 8 

is a portion of the map of North America, which was produced in 1965 

[Z] .    This map is essentially identical to the northern portion of Sheet 

1.    Figure 9 shows a revised map based on VLF propagation measure- 

ments made in September 1959 and August 1961 (these maps were provided 

by the U.S.  Naval Research Laboratory).   Note two significant changes 

suggested by the NRL Map: 

1. The boundary of the "3" region northwest of Hudson Bay 
should extend further north.    This may indicate that the 
extent of continuous permafrost is further north than 
previously estimated,  or that a thicker deposit of 
conducting overburden exists in this area. 

-5 
2. There is an area of "2" conductivity,  3 X 10      mho/m, 

between Labrador and Hudson Bay.    This is most likely 
due to a previously unrecognized occurrence of continuous 
permafrost.    If this area had been so designated,  it is 
noted that the conductivity would have been estimated as 

-4 -5 
1 X 10      mho/m rather than the 3 X 10      mho/m as indicated 
by the NRL Map.    Measurements of earth conductivity in 
this area are therefore suggested. 

Other areas can be expected to undergo similar revisions when 

more data is obtained.    These revisions are not expected to be of 

significance for regions indicated as "highest confidence."   Areas similar 

to the Canadian Shield region which are not well known geologically,   and 

where there is only limited information on permafrost extent and 

thickness, can be expected to undergo the most extensive revisions. 

Further discussion, a list of contributors, etc., may be found in 

the Appendices which accompany the larger report. 
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